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Abstrakt 
Diplomová práce shrnuje nejdůležitější informace o letectví, jako například základní 
používané termíny, popis letových fází apod. V této práci je popsán flight management 
system, jeho funkce a schopnosti vytvořit cenově příznivý a současně absolutně 
spolehlivý letový plán. V další části práce je nastíněna důležitost předpovědi počasí pro 
bezpečnou a současně cenově příznivou leteckou dopravu.  
Tato práce je vytvořena v programu Matlab a všechny bloky jsou naprogramovány jako 
m-funkce. Důležité části kódu jsou z důvodu názornosti zobrazeny jako vývojové 
diagramy. 
Praktická část práce je rozdělena do několika podkapitol, kde každá podkapitola 
popisuje jeden blok z blokového schématu pro výpočet nejistoty odhadované doby 
příletu. Současně je zde vysvětlena funkce ostatních bloků pro plánování letu, 
předpověď počasí, kombinování větrů a výpočet odhadnuté doby příletu a její nejistoty. 
 
 
 
 
 
 
 
 
Klíčová slova 
Flight management system, tvorba letového plánu, předpověď počasí, Gauss-
Markovský proces, odhadovaná doba příletu, nejistota odhadované doby příletu, 
detekce kolize, simulace letu. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3
Abstract 
The diploma thesis reviews some basic information about aviation such as terminology used in 
aviation, flight phases and also explains how airspeeds are related. Then it describes the flight 
management system, its role in the modern airplanes and outlines its capabilities to produce cost 
effective and reliable flight plans. The next part briefly outlines the importance of weather 
forecast for safe, optimized and cost effective air transportation. The entire project is 
programmed in Matlab and these blocks will be implemented as Matlab m-functions and the 
important parts will be shown as flowchart diagrams so as to familiarize the reader with the 
function of the specific part of the code. 
The practical part of the thesis is split into several sub-chapters, where each sub-chapter 
describes a block from a whole block interconnection for uncertainty calculation of the 
estimated time of arrival (ETA). It also explains the functionality of other blocks for flight 
planning, meteo forecasts, wind-blending, ETA and its uncertainty calculation.  
 
 
 
 
Keywords 
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wind blending, estimated time of arrival, uncertainty of the estimated time of arrival, 
collision detection, flight simulation. 
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1 INTRODUCTION 
Air transportation plays a crucial role in our everyday life. Every year sees a huge 
increase in number of passengers who attend business meetings, fly somewhere for 
holidays, or travel to other important events. The impact of air transportation was 
visible when ash from Iceland's Eyjafjallajokull volcano spread out over Europe and as 
a result European airspace was shut down for several days, affecting millions of 
travelers around the world. 
As the amount of air traffic increases, so does the importance of an accurate, reliable 
and efficient Flight Planning for Air Traffic Management. It has a direct impact on the 
environment and operator’s competitiveness.  
The increasing demand for air transportation is expected to continue and hence will lead 
to an increasing probability of potential conflicts between aircrafts. During flight each 
aircraft must be separated by a minimum distance from every other aircraft at all times. 
Critical to the safety of air transportation is the use of special software to predict 
potential conflicts before they occur, and to resolve them by using alternative routes or 
changing flight speed of airplanes. The estimated time of arrival (ETA) will be 
indisputably used for strategic deconfliction in the near future. Even today Flight 
Management Systems (FMS) offer advance capabilities such as ETA calculation for 
flight plan waypoints. With these FMS functions, the calculated ETA can be used for 
detection of potential reduction of separation minima.  
The aim of this thesis is to familiarize readers with the basic aviation topics required to 
understand more advanced parts of the thesis and show them the usefulness of the flight 
management system. The objective consists in design of the block diagram and its 
implementation for calculation of the estimated time of arrival and its uncertainty.  
Gauss-Markov model as an error model for real wind simulation is presented in the 
thesis, where is also assessed by frequency analysis and by the method of Mahalanobis 
distance. Sources of ETA’s uncertainties are listed in the section 6, where effects of 
individual sources of uncertainties are assessed. It shows how individual uncertainties 
propagate to the final uncertainty of ETA according to the sensitivity coefficients. 
 10
Special units in aeronautics 
In the following text are listed relevant aeronautical units, because “familiarity with 
international units is an essential tool for all those involved in aerospace engineering. 
The consequence of making mistakes in the use and conversion of units may prove 
costly or, in certain circumstances, catastrophic.” [1] 
In spite the fact that all used physical units could be transformed into SI based units and 
their derived units in accordance with the International System of Units (SI), some 
commonly used aeronautical units differ and these are: 
 nautical mile (NM), which is a unit of length; exactly 1852 m 
 knot, which is a unit of speed equal to one nautical mile per hour, i.e. 1.852 
km/h [1] 
List of abbreviations 
Abbreviation  Meaning 
ASI  Airspeed indicator 
CAS   Calibrated airspeed 
EAS  Equivalent airspeed 
FCU   Flight control unit  
FL  Flight level 
FMC  Flight management computer 
FMS  Flight management system 
GPS  Global Positioning System 
GS  Ground speed 
IAS  Indicated airspeed 
IRS  Inertial Reference System 
MCDU   Multifunction control display unit 
MSL  Mean sea level 
NM  Nautical mile 
pt    Total pressure  
ps   Static pressure 
ρA   Atmospheric density at the altitude the airplane is operating  
ρSL   Atmospheric density at the sea level 
SID  Standard instrument departure 
STAR  Standard arrival 
TAS  True airspeed 
Temp  Temperature 
WB  Wind bearing 
WM   Wind magnitude 
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 Flight phases 
A flight is generally composed of several phases, three of them with a higher 
importance: climb, cruise and descent. These flight phases will be described more in 
detail. 
 
 
Figure 1.1: Flight phases [3] 
Flight phases: 
1. Preflight – “This phase involves the flight commencement, from when the 
aircraft is ready to 'start engines' through to take-off. The aircraft requires 
pushback from the gate and is towed into a position where it can safely start 
its engines, to taxi under its own power to the take-off point for the runway 
in use.“ [30]. A flight plan, which is created or mostly only loaded to the 
FMS from the list of prepared flight plans, enroute winds, forecasted 
temperature, other information such as cost index, estimated take off time, 
flight number, and some others parameters are uplinked to the FMS via data 
link.  
2. Takeoff – After a clearance, which is an authorization from the Air Traffic 
Control enabling an airplane to enter the runway, a plane is guided by the 
computer to carry out the takeoff maneuver.  
3. Climb- During this phase an airplane is climbing to its cleared cruise level. 
When a top-of-climb is reached, the flight phase is switched on the cruise 
phase.  
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4. Cruise- The cruise phase is bounded by the two FMS-computed major points 
– top-of-climb point at the beginning and the top-of-descent point at the end. 
Between these two pints may be included some intermediate climbs as well 
as en route descents (called Step Climb and Step Descends). “The cruise 
phase typically is predicted level at cruise altitude via several distance- or 
time-based integration steps. Unlike the climb and descent phase, the 
optimal cruise speeds and altitudes slowly change with the changing weight 
of the aircraft, caused by fuel burn.” [3] 
5. Descent – “Descent phase is initiated at the top-of-descent point (which is 
less than 200 NM from destination) by an altitude change or vertical speed 
change.” [2] “The descent phase vertical path can be composed of several 
vertical leg types and there can also be altitude level-off segments created by 
altitude restrictions at descent waypoints and additional targets speed 
deceleration segments created by speed restrictions at descent waypoints as 
well as eventual deceleration to the landing speed for the selected flaps 
configuration.” [3] 
6. Approach – “The approach phase is started when it is activated or confirmed 
by the pilot, or when the approach deceleration pseudo waypoint is passed 
and the aircraft is below 7200 feet in lateral control. A pseudo waypoint is a 
point in the flight plan where a designated event is predicted to occur.” [2] 
7. Go-around -Go-around phase happens only in case of missed approach and 
is not a standard flight phase, the aircraft is then guided through the missed 
approach procedure. 
8. Done - This phase is activated when the aircraft has been on the ground for 
more than 30 seconds and all engines are shut down. 
 
In presented project we are only interested in the cruise phase, when an aircraft flies in a 
constant flight level at cruise altitude. Vertical profile optimization and other aspects of 
vertical flight planning are out of scope of presented document. 
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2 THE FLIGHT MANAGEMENT 
SYSTEM 
The Flight Management System is a device that assists pilots in navigation and flight 
preparation to compute the most effective flight in fuel and time savings and 
automatically navigate the aircraft. The system minimizes the cost of flight while 
satisfying all operational constraints, which is achieved by generating vertical and 
lateral profiles that minimize the cost of fuel plus other costs proportional to flight time. 
The parameters taken into account are the cruise flight level, the gross weight of the 
aircraft, the ambient temperature and the wind information. A measure of effectiveness 
of flight is the cost index, which is defined as a ratio of cost of flying time to the cost of 
fuel. 
This automated system helps with a construction of the flight plan, from which the four-
dimensional aircraft trajectory is then constructed. The trajectory is defined by the 
specified flight plan legs, constraints and the aircraft performance. “To build-up a flight 
plan the FMS uses pilot inputs and information stored in the navigation database 
(NDB), which provides pilots with information about navigation aids, airports, air 
traffic control frequencies, runways, waypoints, company routes and other data.” [7] 
This navigation database is updated every 28 days. 
With the FMS the flight plan can be optimized for winds and operating costs, filled in 
the details, and suggested the most economical climb profile, cruise altitude, airspeed, 
step climb, and descent. The aircraft can be guided by the FMS through the entire flight 
plan, from takeoff through landing  
 
The FMS's capabilities vary from simple point to point lateral navigators used in 
Business and General Aviation (BGA) to sophisticated multisensor navigators and 
optimized four-dimensional flight planning guidance systems. The more advanced ones 
will be described in this text because of the fact that the work is intended to use in 
mainline aircrafts, where the sophisticated FMSs are used 
 
The FMS functions 
 Performance management – provides the crew with aircraft unique performance 
information such as takeoff speeds, altitude capability, and profile optimization 
advisories, 
 Flight planning – allows the crew to establish a specific routing for the aircraft, 
 Automatic navigation and guidance – navigation functions  are responsible for 
determining the best estimate of the current state of the aircraft, whereas the 
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guidance functions are responsible for producing commands to guide the aircraft 
along both the lateral and vertical computed profiles, 
 Trajectory prediction - responsible for computing the predicted aircraft profile 
along the entire specified routing, 
 Flight process monitoring, 
 On time performance, 
 Arrival predictions, 
 Data link communication for FMS data. 
 
The flight management system shall be able to interface with several other avionics 
systems, which fall into the following categories: 
  
 Navigation sensors and radios 
◦ Inertial/attitude reference systems 
◦ Navigation radios 
◦ Air data systems 
 Displays 
◦ Primary flight and navigation 
◦ Multifunction, engine 
 Flight control system 
 Engine and fuel system 
 Data link system 
 Surveillance systems [3] 
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Figure 2.1: Typical interface block diagram [3] 
 
The FMS has to be able to compute and display an estimated navigation system 
accuracy (called “estimated position uncertainty”) in real-time. The estimated position 
uncertainty (EPU) represents the 95% accuracy performance of the navigation solution. 
The FMS monitors the current performance (expressed by EPU) against required 
navigation performance (RNP) and if EPU exceeds RNP, the flight crew is informed 
about this state to take some action. 
The RNP is defined as “a minimum navigation performance required for operation 
within the airspace.” [3] The RNP is quantified with a distance in nautical miles and a 
probability level. An example of an RNP 10 is shown in the figure 2.2, where “the 
capability and performance of the airplane navigation system will result in the 
airplane’s being within 10 NM of the indicated position on the navigation system at 
least 95 percent of the flying time” [28]. 
The RNP definition was expanded by the definition of the lateral containment limit, 
which specifies the region in which the airplane has to remain for 99.999 percent of the 
flying time. This containment limits was proposed for the safe separation of airplanes 
and obstacles clearance. 
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Figure 2.2: Example of the RNP 10 NM [28] 
 
Pilot workload is reduced with the advanced FMS’s capabilities by providing the 
previously mentioned functions and the crew can easily optimize aircraft performance 
to fly the most fuel economic route or choose the fastest route to a destination.  
First the flight plan information and other necessary flight data such as aircraft weight, 
speeds, cruise flight level, etc. are entered by the crew on the multifunction control 
display unit (MCDU) and the flight control unit (FCU). “Then the FMS generates the 
optimum flight profile from the origin to the destination airport. The system guides the 
aircraft automatically along the defined path while computing and displaying current 
and predicted progress along the flight plan on the MCDU.” [2] When the data from the 
sensors are received by the FMS they are processed immediately and the fuel 
consumption can be obtained. Also the current aircraft position can be monitored and 
showed on the MCDU when the estimated wind is taken into account. The dynamic 
current aircraft state is provided to the other functions, where is used to provide 
guidance, reference, and advisory information relative to the defined trajectory and 
aircraft state. 
 
Example of FMS capabilities 
 Guide the aircraft automatically en route and within terminal areas along defined 
procedures, including departure procedures, holding patterns, and procedure 
turns, 
 Fly a lateral offset to the defined path, 
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 Guide the aircraft along a vertical path subject to defined altitude, speed, and 
time constraints, 
 Meet constrained destination arrival times within the performance capability of 
the aircraft, 
 Compute predicted fuel consumption along the flight plan and to the destination. 
These system capabilities of the FMS are taken from [2].  
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3 TERMS OF SPEEDS USED IN 
AVIATION 
Aerodynamic forces are generated by an object moving through a fluid (liquid or gas). 
A fixed object in a static fluid does not generate aerodynamic forces. To generate lift, an 
object must move through the air, or air must move past the object. Aerodynamic lift 
depends on the square of the velocity between the object and the air (relative velocity). 
The object can be moved through the air, but the air itself can move. To properly define 
the relative velocity, it is necessary to pick a fixed reference point and measure 
velocities relative to the fixed point. It is important to understand the relationships of 
wind speed to ground speed and airspeed, so these terms are explained below. The 
introduction to this chapter and a definition of the wind speed, ground speed and the 
airspeed is taken from [32]. 
 
Wind Speed 
For a reference point picked on the ground, the air moves relative to the reference point 
at the wind speed. The wind speed is a vector quantity and has both a magnitude and a 
direction.  
 
Ground Speed 
For a reference point picked on the ground, the aircraft moves relative to the reference 
point at the ground speed. Ground speed is also a vector quantity and has both a 
magnitude and a direction.  
 
Airspeed 
For a reference point picked on the aircraft body frame, the airspeed is the relative 
velocity between the reference point and the air. It cannot be directly measured from a 
ground position, but must be computed from the ground speed and the wind speed. 
Airspeed is the vector difference between the ground speed and the wind speed.  
Measurement of airspeed 
From the Bernoulli's equation can be derived an equation: 

)(
2 ST
ppv  ,        (3.1) 
where v is the speed of an aircraft (or free airstream), pt – total pressure, ps – static 
pressure, ρ – the density of the air. 
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 From the equation 3.1 is obvious the speed v is proportional to a difference between the 
total and the static pressure. It is possible to combine measurement of both total and 
static pressure with one device, a Pitot-static probe. A Pitot-static probe is very often 
used in airplanes to measure total pressure (pt) at the nose of the probe and static 
pressure (ps) at a suitably placed static pressure tap. More information about Pitot-static 
probe and measuring of static and total pressure can be found in [9]. 
It is important to keep in mind that the Bernoulli's equation holds for incompressible 
flow only, and the equation 3.1 holds quite precisely for airspeed up to 0.3 Mach. If it is 
needed to measure higher speed, there is necessary to take into account a 
compressibility effect and there is a need to correct a calibrated airspeed (CAS) using a 
compressibility correction chart. 
 
3.1.1 Indicated airspeed (IAS) 
The Pitot-static airspeed indicator (ASI) measures the dynamic pressure and displays it 
to the pilot as the indicated airspeed. Because the instrument can not determine the 
density component of the dynamic pressure, the airspeed is calibrated to reflect standard 
atmosphere adiabatic compressible flow at sea level and thus is assumed a constant air 
density of 1.225 kg/m³. Since an ASI is a mechanical instrument prone to instrument 
errors and the Pitot-static system is also prone to pressure sensing errors due to the 
positioning of the Pitot head, the IAS is the airspeed uncorrected for instrument and 
measurement errors. 
 
3.1.2 Calibrated airspeed (CAS) 
The calibrated airspeed is the indicated airspeed of an aircraft, corrected for instrument 
and measurement errors. CAS does not change with altitude and is equal to true 
airspeed (TAS) in standard atmosphere at mean sea level (MSL). 
 
3.1.3 Equivalent airspeed (EAS) 
“The equivalent airspeed is the calibrated airspeed of an aircraft corrected for adiabatic 
compressible flow for the particular altitude. Equivalent airspeed is equal to calibrated 
airspeed in standard atmosphere at sea level.” [8] 
Assuming an error-free airspeed indicator would display the true airspeed in standard 
atmosphere at sea level, and then the EAS is equivalent to the dynamic pressure in the 
indicator at any altitude.  
If σ denotes the ratio of the atmospheric density at the altitude the airplane is operating 
(ρA), to that at sea level (ρSL), the equivalent airspeed is defined as 
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TASTASEAS
SL
A  
       (3.2)  
 
3.1.4 True airspeed (TAS) 
“The true airspeed means the airspeed of an aircraft relative to undisturbed air.” [8] Or 
TAS can be specified as the free stream speed or the air distance flown over time. As 
mentioned, the ASI is calibrated assuming a fixed air density at sea level, so a perfect 
ASI will only indicate the real airspeed (the true airspeed) when the aircraft is operating 
close to sea-level. The equation 3.2 can be rewritten to compute TAS: 
EASEASTAS
A
SL  


1       (3.3) 
The relations between TAS, EAS and CAS are summarized in the figure 3.1.  The 
atmospheric density at the sea level is there denoted by ρ0 and atmospheric density at 
the altitude the airplane is operating is there expressed as a function ρ dependent on 
altitude (h). 
 
Figure 3.1: Block diagram with relations between TAS, EAS and CAS [27] 
 
In spite the fact that the following part will not be absolutely precise due to 
compressibility effect, it will generally hold. 
 
Bernoulli's principle can be reduced to:  
.
2
1 2 constpv           (3.4) 
That means: [dynamic pressure or kinetic energy] + [static pressure or pressure potential 
energy] = constant 
 
In [10] are described the following changes in the air with increasing altitude: 
 “Static pressure decreases with altitude, but not in a linear manner  
 Air density which is proportional to pressure also decreases, but at a different 
rate, to that of pressure. 
 Temperature also decreases with altitude.” 
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When both parts are combined, there can be stated that with increasing altitude the more 
air density and static pressure decreases, the more TAS increases. Thus TAS can be 
smaller than IAS only for very low altitude and for low temperatures. 
As a result, TAS can be calculated from the measurement of the static pressure, total 
pressure, and static temperature. 
 
3.1.5 Ground speed (GS) 
The ground speed is the speed of an aircraft relative to the ground. Nowadays, it is 
measured in an aircraft with the Global Positioning System (GPS) in combination with 
Inertial Reference System (IRS). This speed can be used to calculate a wind speed when 
the TAS is known. The calculation is derived from the wind triangle, which is shown in 
the figure 7.12 and explained in the section 7.1.6. 
Mach number 
Mach number is the ratio of true airspeed of the aircraft to the speed of sound in the 
surrounding medium under ambient conditions and it is a dimensionless quantity. The 
Mach number is dependent on the speed of sound in the gas and the speed of sound is 
dependent on the type of gas and the temperature of the gas. Equations 3.5 and 3.6 for 
calculation of Mach number (M) are taken from [29]. 
CS
TASM            (3.5) 
Where CS = sound speed: 
TCS  967854.38  ,        (3.6) 
where T is ambient air temperature (at given altitude) in Kelvin. 
A reason, why the Mach number is used consists in the fact that the highest speed at 
which the airplane can be flown is limited by the maximum dynamic pressure. “For 
high-speed flight, it is conventional to use Mach number as an indication of flight 
speed. Since the speed schedules that are flown are typically constant CAS/MACH 
speeds for climb and descent phases, the TAS increases with altitude for the constant 
CAS portion and mildly decreases with altitude for the constant Mach portion.” [3] 
Thus the high-speed airplanes are equipped with a combined airspeed indicator and 
Mach meter and for low speed is used an airspeed indicator and for high speed Mach 
meter. “The altitude where the CAS and Mach are equivalent is known as the Crossover 
Altitude. Below the crossover altitude the CAS portion of the speed schedule is the 
controlling speed parameter and above the crossover altitude the Mach portion is the 
controlling speed.” [3]  
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Compressibility effect 
As an aircraft moves through the air, the air molecules near the aircraft are disturbed 
and move around the aircraft. If the aircraft is passed by air molecules at a low speed, 
the density of the air remains constant. But this situation is different in higher speeds of 
an aircraft, when some of the energy of the aircraft goes into compressing the air and 
locally changing the density of the air. This is called compressibility effect and it alters 
the amount of resulting force on the aircraft. The higher speed, the more important this 
effect is. When the value of the speed of sound (approximately 330 m/s) is reached or 
even exceeded, “small disturbances in the flow are transmitted to other locations, but a 
sharp disturbance generates a shock wave that affects both the lift and drag of an 
aircraft.” [10]  
 
Figure 3.2: Compressibility correction chart [27] 
 
Ranges of Mach numbers: 
 subsonic: M < 1,  the flow velocity is lower than the speed of sound 
 transonic: M ~ 1, the flow velocity is approximately like the speed of sound  
 supersonic: 1 < M < 5,  the flow velocity is higher than the speed of sound 
 hypersonic: M > 5 
 
The relationships among TAS, CAS and Mach number and how they are affected by the 
change of altitude and temperature are shown in the figure 3.3. An airplane flies at a 
calibrated airspeed of 370 knots CAS (point “A”) on the flight level 25,000 ft (point 
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“B”). The Mach number has been found, when a vertical line was made downwards to 
the point “C”, where was obtained a value 0.86 Mach. Because we were also interested 
in the TAS, the points “B” and “G” have been linked by the dashed line to the TAS line. 
The found result value of TAS for the normal environmental condition was 515 knots 
(point “G”). If the value of TAS is required for different from the standard temperature, 
it can be done by connecting points “D”, “E” and “F”. [13] 
 
Figure 3.3: TAS and CAS relationship with varying altitude and temperature [13] 
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4 FLIGHT PLANNING 
The main goal of the FMS is to produce the navigational and performance flight plan 
followed by a construction of the four-dimensional flight profile (each point in the route 
is given by its latitude, longitude, altitude and time), using the route environmental and 
aircraft performance parameters. Along the plan the aircraft would be flown from the 
departure airport to the destination airport with the demand for fuel savings. 
After a completion of the flight plan construction the pilot is informed “what route to 
fly, how much fuel to carry, alternate destination, and specific flight-dependent 
information such as radio frequencies, expected arrival times, and reporting 
requirements.” [14] 
The flight planning function provided by the FMS is used for the creation or 
modification of the route data known as a flight plan. The planned route is composed of 
the sequence of waypoints that are intended to pass, the altitudes and Mach numbers for 
the connecting segments, specific points such as top-of-climb, top-of-descent, and step-
climb beginning. 
“Route data are typically extracted from the FMC (Flight Management Computer) 
navigation data base and typically consist of a departure airport and runway, a standard 
instrument departure (SID) procedure, en-route waypoints and airways, a standard 
arrival (STAR) procedure, and an approach procedure with a specific destination 
runway.” [3] The previously mentioned terminal area procedures (SIDs, STARs and 
approaches) are composed of a variety of special procedure legs and waypoints, defined 
in the ARINC 424 specification. 
Lateral and vertical path 
The flight path trajectory is broken into two parts: 
 Lateral path - The flight path as seen from overhead 
 Vertical path - The flight path as seen from the side 
 
The lateral and vertical paths can not be treated as two independent paths, as they are 
interdependent in that they are coupled to each other through the ground speed 
parameter. “Waypoints in the vertical path can have associated speed, altitude, and time 
constraints.” [3] A waypoint altitude constraint can be of four types – “at”, “at or 
above”, “at or below”, or “between”. “The lateral flight path is the specified route 
(composed of procedure legs, waypoints, hold patterns, etc.), with all the turns and leg 
termination points computed by the FMC according to how the aircraft should fly them. 
The entire lateral path is defined in terms of straight segments and turn segments which 
begin and end at either fixed or floating geographical points.” [15] 
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When producing the flight path not only the shortest lateral route path should be 
considered, because sometimes it can be taken advantage of the wind fields during the 
cruise phase of flight. However, it can be performed only when good weather forecast 
data are available. 
The Trajectory Prediction done by FMS 
The route profile is usually computed in backwards time beginning with the desired 
landing weight, which includes empty weight, payload, estimated fuel for flight and a 
scheduled fuel reserve. The first step in generating a profile is to compute the final 
approach phase at the destination, followed by the second step – computing the descent 
profile in accordance with a standard arrival procedure. 
The second step is to compute the cruise phase with possible intermediate climbs as 
well as en route descents. Cruise altitudes are usually fixed at certain levels called flight 
levels, which are specified by the Air Traffic Control or sometimes especially in 
oceanic airspace they can be followed by non-constrained cruise levels. Flight levels are 
denoted by two letters “FL” and three digits, from which the flight altitude can be 
determined. For instance a flight level at 24,000 ft is FL240. The cruise altitudes can not 
be chosen arbitrarily, they can only be chosen from a list of allowed flight levels, which 
is dependent on the direction and the region where the aircraft is flying to.  
“For the cruise phase can be used predefined jet routes, direct routes based on a network 
of evenly spaced grid points, or a network where the grid points are existing navaid 
locations.” [14]  
The last step is to compute takeoff and climb flight phases, which is always done in 
forward time. There is necessary to know an initial takeoff weight from that can be 
derived current fuel consumption during the flight.   
ARINC 424 Database 
“The purpose of the ARINC 424 “Navigation System Database” is to be the industry 
standard for exchanging navigation data between data suppliers and avionics vendors.” 
[16] ARINC 424 files are ASCII text files with a fixed length of 132 characters per line, 
where one line represents one record. These files are converted into loadable binary 
images by software unique to the individual FMC vendor because these files are 
intended for use in Flight Management Computers. 
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Figure 4.1: ARINC 424 Data Chain [16] 
 
A concept of this standard is shown in the figure 4.1 and a following explanation is 
taken from [16]. “Navigation data are assembled from public sources like Aeronautical 
Information Publications and airline specific, tailored records (e.g. company routes) by 
data suppliers. Customer defined extract parameters like the coverage area are used by 
data suppliers to generate airline navigation data files. The final step in the ARINC 424 
data chain is the packaging of navigation data into the FMC binary loadable image.” 
The format of this image has never been standardized and thus it may be different for 
each vendor and FMC type.  
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5 WEATHER FORECAST 
For a cost effective flight planning and safe guiding of the aircraft, it is very important 
to know a precise weather forecast aloft. If a weather forecast is not accurate enough or 
even missing, a planned trajectory may need to be varied or tailored to the real weather 
conditions. Although there has been significant research over the last decade relating to 
aviation weather hazards, weather is still identified as a common causal factor in air 
accidents. 
 
There are listed the most crucial shortcomings of the current aviation weather systems: 
 “Weather information is usually presented in a format that is difficult to relate to 
a four-dimensional flight profile, such as textual products. 
 Weather information is not spatially or temporally precise or accurate. 
 It is updated infrequently; missing the dynamic changes that often occur after an 
aircraft departs.” 
This list is shortened and taken from [17]. 
METAR 
Aviation Routine Weather Report, or METAR, is the international format for reporting 
weather information. The METAR web service was created to provide current and 
recent meteorological reports from around the world. A meteorological report is 
returned to the user based on the 4-letter ICAO code that is entered. An example of the 
METAR report from the location Prague Ruzyne is shown on the next page. This 
METAR report and GAMET report for the region of the Czech Republic can be found 
at the website: http://meteo.rlp.cz/. 
An example of the METAR report: 
LKPR 041830Z 01009KT 7000 -RA SCT015 OVC043 08/07 Q1015 
TEMPO BKN007  
 
The meaning of the METAR report: 
METAR -  METAR report 
LKPR  –  The ICAO code for Prague’s airport 
041830Z –  The day and time of the observation: 4th, 18:30 
01009KT –  The wind speed: 9 knots, direction: from 100 
7000 -  The visibility: 7000 m 
 
In the rest of the METAR report there is described whether in Prague is raining, 
snowing or cloudy and some other information about a runway and so on. 
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FMS wind model 
5.1.1 Wind Forecast 
An impact of wind to FMS predictions will be discussed in the following text. Other 
weather information such as temperature, humidity or pressure will not be treated in a 
detail. Not by reason of lower importance but because the project is planned to deal 
with wind forecast and trajectory prediction and accurate wind magnitude and direction 
estimation is essential for aircraft trajectory prediction computed by the FMS.  
The wind bearing and magnitude were proved in a report [20] to be the variables with 
the highest impact on the trajectory errors and they have to be taken into account for 
calculations of current position of the airplane. On the other hand temperature has not 
proved having a big impact on trajectory accuracy in [20]. 
As was mentioned above, except the METAR report, there exist a number of types of 
weather reports such as GAMET, FAT or a report, where wind magnitude (WM), 
bearing (WB) and temperature (temp) are listed for specific flight levels (FL) such as: 
 
FL      WB   WM  temp 
FL450       240    30    -58                   
FL340       220    80    -55                   
FL240       230    40    -29                   
FL100       220    15    - 3          
Table 5.1: Example of a local weather report for the Czech Republic obtained from 
[18].  
5.1.2 Wind blending 
To precisely estimate time of arrival one has to know the exact wind magnitude and 
wind bearing of the whole flight, which is not possible. The FMS may know a precise 
wind magnitude and bearing (with a small uncertainty) for the current position. 
However, precise information about the wind for the whole flight is unknown and FMS 
functionality is dependent on accuracy of the forecasted wind magnitude and bearing. 
Forecasted data is typically loaded to the FMS before flight, in some newer types of 
aircrafts there is enabled to up-link this information during the flight.  
Forecasted wind data is generally considered not as accurate as measured data for the 
current point of route, because forecasted wind data has higher uncertainty. On the other 
hand measured data gives precise information about weather for a short part of flight 
only.  
At this point it should be pointed out the differences between meteo forecast and wind 
blending. The meteo forecast information is received in the FMS via data-link from the 
meteorological stations, or ground stations. In comparison with it, in a wind blending 
function there are forecasted winds merged (blended) with current winds obtained from 
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sensor data. Blending function gives a heavier weight to measured winds for a short 
distance from the aircraft, but this weight gradually decreases on account of forecasted 
winds as the distance from the aircraft increases. Blending principle is shown in the 
figure 7.11. 
Gauss-Markov process 
No data from sensors are real in this project, measured data had to be simulated and 
their properties are chosen so that they should represent real variables as close as 
possible. So a simulated real wind was obtained as a sum of predicted measured wind 
and the errors of sensors (equation 5.1).  
errorsensorwindmeasuredpredictedwindreal     (5.1) 
The sensor error can not be treated as a constant value, so a good stochastic process had 
to be developed. Random walk is sometimes used as an error model, but for this 
particular case random walk is not a suitable model, because the variance for this model 
continues to increase with time. It would mean that at the end of a long flight (such as a 
transatlantic flight) the error values from sensors could be overestimated. The Gauss-
Markov process is a stochastic process that satisfies requirements for both Gaussian 
process and Markov process, so the error samples tend to cluster around a zero mean 
value and values of these samples do not increase with time. This fact can be seen in the 
figure 5.1, where an example of the Gauss-Markov process is depicted. For that reason a 
Gauss-Markov process was chosen to be the best to simulate sensor errors and the 
Gauss-Markov model is used to create random process dynamic error model of a 
simulated real wind. The equations for Gauss-Markov processes are based on [21]. 
If a random sensor error of real wind is denoted x , the equation of a discrete time form 
of the continuous process gives: 
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The chosen steady-state variance ( ) of the wind magnitude had value 
knots2 and a variance of wind bearing degrees2. The variances of 
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wind magnitude and bearing are based on the values of the measured wind obtained 
from a real flight.  Variable   denotes a rate of change of simulated error values and   
is directly proportional to the rate. When a small value of   is chosen, it represents a 
fact that series of simulated wind magnitude and bearing are close to the series of 
samples generated by random walk process. As   becomes small, Gauss-Markov 
process approaches to the random walk process. After setting   to zero properties of 
series of samples generated using equation 5.2 will match properties of samples created 
using random walk process.  As a Gaussian random number generator is used a function 
”randn” in Matlab.  
 
Figure 5.1: Example of the Gauss-Markov process [21] 
 
Two methods are proposed to assess and tune the Gauss-Markov model’s parameters.  
1. Mahalanobis distance is a metric that can be used to measure the dissimilarity 
between two vectors. “Mahalanobis distance takes into account the covariance 
among the variables in calculating distances. With this measure, the problems of 
scale and correlation inherent in the Euclidean distance are no longer an issue.” 
[31]. Matlab’s “mahal” function was used to get a vector with Mahalanobis 
distances that were averaged to get a value determining the dissimilarity 
between measured and simulated winds. 
2. Frequency analysis and variance assessment. This method is a combination of 
several commonly used methods in signal processing.  
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a. Vector containing measured wind magnitude (bearing) is split onto 300 
samples long segments. 
b. Frequency analysis is performed for all segments of wind data. 
c. Variance of wind magnitude and bearing is computed for all segments. 
An example of the frequency analysis for wind bearing is shown in the figure 
5.2. The coefficient   influenced a horizontal position of the individual peaks 
of the frequency spectrum and a variance was directly proportional to the peak’s 
magnitude. These rules together with a comparison of the measured and 
simulated wind variances were used to tune the Gauss-Markov model’s 
parameters.  
Unfortunately, the parameters of the measured wind magnitude and bearing were 
not time invariant, so it is not possible to find optimal parameters for the whole 
vectors of measured samples. From that reason, found parameters are suboptimal 
only and a simulated wind does not differentiate very from the measured wind, 
but in some sections of signal the differences are not negligible.  
The results obtained from the method Mahalanobis distance are not as accurate as the 
results from the frequency analysis, because the resulted averaged value of the 
Mahalanobis distance oscillated around a mean value and obtained coefficients 
(displayed in the table 5.1) are estimated. 
 
Figure 5.2: Frequency analysis of the simulated and measured wind bearing 
 
In the figure 5.3 there are depicted real measured wind bearing and simulated wind 
bearing for the constants of the Gauss-Markov model determined by the frequency 
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analysis. If data from several flights were available, these constants could be estimated 
more precisely. 
 
Figure 5.3: Measured and simulated wind bearing 
 
 
Table 5.1: Gauss-Markov model’s parameters 
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6 UNCERTAINTIES IN ETA 
ESTIMATION 
Main goal of the project is to evaluate propagation of ETA’s uncertainty and to asses its 
magnitude. All variables that affect the resulting ETA such as wind, speed and position 
of the aircraft are influenced by uncertainties. In the next paragraph there is explained 
what a term uncertainty we refer to and how it can be evaluated. 
The importance of uncertainties of measurements is described in [24], where is stated: 
“It is generally agreed that the usefulness of measurement results, and thus much of the 
information that we provide as an institution, is to a large extent determined by the 
quality of the statements of uncertainty that accompany them.” Now a reader is 
informed, why all measurements should be accompanied by their corresponding 
uncertainties and in the next paragraph there will be described how uncertainties can be 
expressed. 
 
Uncertainties can be generally grouped into two categories: 
1. Type A, whose numerical values can be evaluated by statistical methods. This 
type of uncertainty is a component of uncertainty arising from a random effect 
and its evaluation may be based on any statistical method for treating data. [24] 
An example of uncertainties of type A that are related to the ETA calculation is 
an uncertainty in forecasted wind, which is obtained by statistical methods.  
2. Type B, whose numerical values can be evaluated by other means. This type of 
uncertainty is a component of uncertainty arising from a systematic effect. Its 
evaluation is usually based on scientific judgment using all relevant available 
information such as manufacturer’s specifications or handbooks, data provided 
in calibration, previous measurement data or experience with relevant materials 
and instruments. [24] Examples of uncertainties of type B are uncertainties in a 
current position and speed of the aircraft.  
 
The resulting uncertainty of the ETA calculation is influenced by both types of 
uncertainties (A and B), thus there is needed to evaluate the combined standard 
uncertainty of a measurement ( ). It represents the standard deviation of the result and 
can be calculated using the equation 6.1: 
Cu
22
BAC uuu  ,        (6.1) 
where  ( ) represents an evaluated type A (B) standard uncertainty. Au Bu
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In most special applications (such as aerospace, military, healthcare), when a level of 
confidence of the combined standard uncertainty is not sufficient, the expanded 
uncertainty (U ) is computed. “Expanded uncertainty defines an interval about the 
measurement result y within which the value of the measurand Y is confidently believed 
to lie”:   [24]. yUYUy  
The coverage factor (k) is directly proportional to the uncertainty interval (equation 
6.2). The higher uncertainty interval is the higher the level of confidence that the value 
lies within that interval. The coverage factors of 1, 2 and 3 have the associated levels of 
confidence for a normal distribution approximately 68%, 95% and 99%. When 
reporting uncertainty it is important to indicate the coverage factor or state the level of 
confidence, or both.     
 
The expanded uncertainty is obtained by multiplying the combined uncertainty by a 
coverage factor (k):        (6.2) CukU 
 
Steps for estimation of the ETA uncertainty: 
1. Full understanding of the flight experiment, which means knowledge of a testing 
trajectory, measured and forecasted wind and aircraft parameters (such as 
cruising speed or accuracy of airspeed indicator). 
2. Mathematical model for the ETA calculation. 
3. Identification of all kinds of uncertainties that affect the ETA. 
4. Evaluation of type A and B standard uncertainties 
5. Evaluation of the combined standard uncertainty 
6. Evaluation of the expanded standard uncertainty 
 
When this uncertainty is evaluated, the result will be in a format: , in our 
case:
UyY 
ETAUetaETA  .  
 
Theoretical equations for the next part of uncertainty of ETA are taken from [26]. A 
quantity Y can be expressed indirectly as a function of several directly measured 
quantities ( ), this relation is expressed by equation 6.3. mXXX ,...,, 21
),,...,,( 21 mXXXfY         (6.3) 
If the expected values of directly measured quantities  are correlated, 
their covariance had to be included to the equation for uncertainty calculation. In this 
case the uncertainty can be computed by equation 6.4: 
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An uncertainty of such a quantity is expressed in equation 6.4, where letter  specifies 
sensitivity coefficients,  is an uncertainty of directly measured quantity xi and 
 is covariance between quantities . 
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The ETA is calculated according to the equation 6.6, where a flown distance between 
points is denoted by a variable “d”, meaning of TAS is kept unchanged and Wind 
denotes a blended wind, which was explained in the section 5. 
WindTAS
d
GS
dETA         (6.6) 
 
For our case, when ETA is calculated according to the equation 6.6, this relation is 
inserted to the general function (6.4) and uncertainty can be expressed by equation 6.7. 
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As mentioned before, a blended wind is not measured directly, so the uncertainty of the 
blended wind has to be computed in a similar way as an uncertainty of ETA. A blending 
function is Honeywell’s proprietary function that has to be kept confidential, so neither 
this function nor its derivation can be published (according to the § 11 from the 
declaration in the page 5). 
  
The blended wind is composed of the following directly measured quantities: 
 distance (d) 
 predicted measured wind (Meas) 
 forecasted wind (For) 
 
Uncertainty of blended wind (denoted Wind) is expressed in this equation: 
 ),(2)()()()( 2222 ForMeasuAAForuAMeasuAduAWindu ForMeasForMeasd
),(2),(2 MeasduAAForduAA MeasdsFord      (6.12) 
For sake of simplicity there is assumed, all covariances (between blended wind and 
TAS, as well as between forecasted and predicted measured wind and between distance 
and all types of wind) are neglected. These covariances do not have zero values, but for 
their estimation a further detailed analysis would be required. 
The uncertainty of the forecasted wind is 15 knots for the confidence interval 95%, 
which is based on EUROCAE WG85 assumptions. It means a value of forecasted wind 
lies with 95% level of confidence within the interval: . The 
uncertainty of the predicted measured wind is expected to be linearly increasing, for the 
very close proximity from the airplane the uncertainty is assumed to equal zero. Other 
uncertainties, whose effects are significantly smaller, are also neglected (uncertainties 
of TAS and position of the airplane). After this analysis the equations 6.11 and 6.12 can 
be simplified to the form: 
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 (6.13) 
Sensitivity coefficients of forecasted wind AFor and measured wind AMeas can not be 
derived mathematically for all points of track as one equation, because they depend on 
blending algorithm. Each FMS’s manufacturer uses a different blending function and 
different weighting function between measured and predicted measured wind. However, 
it holds true generally the weight of the measured wind is maximum for the minimum 
distance and gradually decreases opposite to the weight of the forecasted wind, which 
increases. 
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7 IMPLEMENTATION OF THE FMS 
The computer program is comprised of several m-files, whose functionality is described 
in the next section. A flowchart diagram with all blocks is shown in the figure 7.1. 
There are shown all blocks and their interconnection, so a user can easily understand 
functionality. 
All blocks are called from the file FMS.m, which is a main block that controls a whole 
logic and carries out pieces of code that can not be easily moved into separate functions 
or a creation of these functions would be contra productive.  
In the beginning of the file all constants and used variables are initialized to null values 
(to define a size of vectors and matrices) and a track is constructed. A second part lies 
inside of a cycle, where all functions to estimate a resulting estimated time of arrival 
(ETA) and calculate its uncertainty are called. A breakpoint has to be placed before end 
of cycle (on the line 141) to continuously display all calculated quantities (such as all 
wind magnitudes and bearings, ETA and its uncertainty) for each point of the track 
individually. If a user would omit to place a breakpoint, simulation would run for a 
whole track and user could not see any graphs because all graphs are closed at the end 
of iteration. To create an efficient program, a lot of optimizations had to be carried out 
in order to keep a size of vectors and matrices unchanged inside of loops or replace for 
cycles by work with vectors and matrices, where possible. 
 
The functionality of the whole program is shown in the figure 7.1. 
1. All constants and variables are first loaded. 
2. Ground speed is calculated for all waypoints and this vector is passed to the 
block “generate_track”. 
3. Flight plan is constructed by linking data stored in the navigation data base. 
4. Turns are constructed and placed into the previously generated track. Sequenced 
points are found and returned as a matrix with their longitude and latitude 
coordinates. 
5. The track is split into short segments (1 NM long). 
6. Forecasted and predicted measured winds for all points of track are linearly 
interpolated from known values in waypoints.  
7. Forecasted and predicted measured winds are merged to the blended wind, 
which represents the most reliable value of wind that can be predicted during the 
flight. 
8. ETA values are calculated from the source point to the destination. 
9. The uncertainties of the ETA are computed (using the equation 6.13). 
10. All calculated quantities are displayed. 
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 Figure 7.1: Block diagram of the whole program 
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Implementation of the flight planning block 
7.1.1 The simplified Trajectory Prediction 
One of the objectives of this thesis is to generate a trajectory of the flight in a closely 
similar way how an FMS would construct it. In spite of this fact it was necessary to do a 
lot of simplifications. 
 
List of simplifications and assumptions for a trajectory generation: 
 A route of the whole flight is a part of cruise phase, i.e. in a constant flight level. 
The flight level 370 (FL370 – at 37,000 feet) was chosen, because it is the 
typical flight level for the economical cruising speed [19].  
 Target airport will be open and have a free runway for landing, so en-route 
phase does not have to be changed to navigate to the alternative airport. 
 Generated trajectory does not cross any restricted areas, such as above nuclear 
power plants, in a close distance to big cities and so on. 
 Current weather forecast is uploaded to the FMS and weather forecast (given by 
wind speed and bearing) is specified for all waypoints. 
 Acceptable weather is expected during flight not requiring trajectory 
modifications (storm, heavy rain, hail, volcano ash, heavy wind… are not 
assumed). 
 No occurrence of failures on a plane during the flight requiring emergency 
landing or significantly decreasing performance of an airplane 
 All waypoints are expected to be reachable and do not require trajectory 
modification. 
 The calibrated airspeed of the aircraft CAS = 454 knots is used for the whole 
track, which is economical cruising speed of Airbus A320 at 37.000 ft [19].   
 
 
Figure 7.2: Flow chart diagram of track construction 
 
The trajectory is constructed iteratively, which means a rough trajectory is generated at 
the beginning and in a few steps is re-generated into a final form. An explanation of the 
flow chart diagram of track creation shown in the figure 4.5: 
1. Firstly the waypoints (WPs) are linked only and predicted trajectory consists 
only given WPs. All WPs are assumed to be sorted in the correct order (from the 
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first point to the destination). Waypoints are specified by its position only 
(latitude and longitude, altitude is expected to be constant). The waypoints are 
assumed with no time constraint. 
2. The track between waypoints is split into sub-tracks. The number of sub-tracks 
is defined by an integer number greater than or equal to one. This number is 
selectable by the user. If a number one is chosen, no sub tracks are created, a 
track remains unchanged. 
3. Turns are generated for all sub tracks where parts of the track do not constitute a 
straight consequential line. 
4. The resulting trajectory is split into one nautical mile long segments, because a 
simulation is carried out for all segments and the shorter segment is the finer 
resolution a simulation has. If a trajectory was not split, simulated weather 
information would be known in the specified waypoints only. A total value of 
segments can be modified by a change of input argument ”num_segments” in the 
”generate_track” m-function. 
7.1.2 Trajectory creation by linking waypoints 
Waypoints are linked in the block ”generate_track_lines” function. In this block the 
track is generated for the specified waypoints. Generated track consists of waypoints 
linked by abscissas only. As a result, there is created a matrix track that has three rows: 
track latitude, track longitude, track flag. Each point of the track is given by its latitude 
and longitude. Track flag specifies, whether the point is a waypoint or a point between 
two waypoints. A value of a flag equals to the waypoint’s ordinal number. When a point 
is not a waypoint, its flag has a value equal to zero. The track is constructed for the 
cruise phase, thus the altitude is a constant value, the same one for a whole track. A 
process of constructing the track by linking waypoints can be seen in the next figure. 
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Figure 7.3: Flow chart diagram of linking of waypoints 
 
In the figure 7.4 an example of the constructed track consisting of three waypoints is 
shown. According to the diagram, the track among all waypoints is split into a number 
of segments, where this number is a constant (four in this example). All segments for all 
couples of waypoints are of the same length. So for example a distance between 
segments one and two and three for the couple of waypoints one and two are the same 
long, but their length does not have to equal to the lengths between segments one and 
two and three for the couple of waypoints two and three. 
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Figure 7.4: Example of constructed track by linking of waypoints 
 
7.1.3 Distance calculation 
A distance between two points of track is calculated in the function 
“distance_calculation”. This function takes input arguments an altitude of the airplane 
and vectors with positions of points (longitude and latitude), whose distances should be 
calculated. All distances are related to the first point, which is usually a current aircraft 
location.   
The figure 7.5 illustrates how a distance between the point one and two is computed. 
Firstly an angle between these points one and two is calculated, which is denoted ‘Alfa’. 
Then a circumference around Earth in the specified altitude is calculated (according to 
the equation 7.1).  
)(22 Earthraltituderr        (7.1) 
A fraction of an angle Alfa to the  equals a fraction of distance between points one 
and two to the Earth’s circumference in the specified altitude (equation 7.2). Equations 
7.1 and 7.2 can be rewritten and combined into the equation 7.3: 
0360
  
)(23600 Earthraltitude
ncedista
 

     (7.2) 
)(2
3600 Earth
raltitudencedista       (7.3) 
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A constant of 6378 km is chosen as the Earth’s radius. In the function 
“distance_calculation” there are calculated distances among couples of a current point 
and a point of the track. A result is a vector containing distances in nautical miles (NM) 
between all points of track and the current position.  
 
Figure 7.5: Distance calculation principle 
 
7.1.4 Turns construction 
Waypoints are linked by straight lines and because of above mentioned simplifications 
for trajectory prediction, turns can happen in the waypoints only. The laws of physics 
make it impossible to instantaneously change direction, therefore a turn, with its 
associated turn radius has to be involved. To successfully construct a turn, there is a 
need for information about a turn, such as a turn radius and turn arc length, whose 
equations (7.4) and (7.5) are taken from [3]. 
)(
)tan(
2
ft
g
GSradiusTurn       (7.4) 
)( ftradiusTurnarclengthTurn Course  ,    (7.5) 
where GS = aircraft ground speed during the turn, 
g = acceleration due to gravity, 
  = nominal aircraft bank angle used to compute a turn. 
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“Bank angle (or roll angle) is the angle between the horizontal plane and the right wing 
in the lateral plane, positive when the right wing is down.” [22] 
 
Figure 7.6: Bank angle on the plane [23] 
 
As a nominal aircraft bank angle a constant 25° was used, the value lies inside of a 
typical bank angle range (approximately up to 30°).  Bank angle does not normally 
constitute a constant value for all turns; its magnitude is dependent on aircraft 
limitations, passenger comfort, and airspace considerations. The last quantity that has 
not been specified yet, is a ground speed (GS). The GS was calculated first in all 
waypoints (in the block “calculate_GS_in_waypoints”) and this variable is passed to the 
block for construction of turns. In reality aircraft does not have to fly a whole en-route 
phase the constant true airspeed. The constant TAS was chosen for the reason of 
simplification of estimated time of arrival calculation. The real flight is done on optimal 
cruise airspeed (CAS/MACH couple). 
 
Types of turn: 
1.  Fly-by turn is the preferred method for executing a turn and this turn can be 
easily constructed using the equations (7.4) and (7.5). If a fly-by waypoint is 
chosen, the aircraft does not fly over this waypoint. 
2. Fly-over turn is usually used in case of large course change (>135°) [3] or if fly-
by turn can not be chosen because of ATC flow requirements or in case of 
missed approach waypoints. If a fly-over waypoint is flown, the aircraft flies 
over this waypoint, then a turn is initiated and after a turn execution the aircraft 
returns to the connecting leg. 
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Figure 7.7: Examples of fly-by and fly-over turns [25] 
 
A part of the constructed track with a turn is depicted in the figure 7.8. The waypoint is 
depicted by a blue square, the red dotted line describes a constructed track and a light 
blue square denotes a sequenced point (central point of an arc - turn). Turn radius and 
turn arc length have to be necessary calculated for a turn construction, but also a starting 
point and finishing point of the arc need to be computed. 
 
Figure 7.8: Example of the constructed turn 
 
The function “generate_track” is responsible for track construction and carries out all 
above mentioned calculations. During the construction of the track, optimizations had to 
be used in order to improve speed of program. When a turn is constructed, it is 
composed of a predefined number of points (15 in our case). Odd number of points 
gives us an advantage that the middle point (8th in our case) will be a sequenced point 
and there is no need for calculation of this point. When this function is used for 
constructing a track, there is no knowledge about a number of additional points that 
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have to be added into the original track, because some points may overlap with already 
created points and no points should be duplicated. If some points are added into the 
original track, a matrix (or vector) containing track information would grow inside of 
for loops and it would cause a significant speed penalty. So the real number of 
generated points is calculated first and afterward matrices or vectors with specified 
dimensions are created and a track can be computed. 
 
7.1.5 Split the track into short segments 
 
Figure 7.9: Example of the constructed turn 
 
A flowchart diagram of the block “split_track” is depicted in the figure 7.9. This block 
is responsible for splitting a constructed track onto short one nautical mile long 
segments. The constructed track with turns is passed to this block as a matrix consisting 
of three vectors: longitude and latitude coordinates of point’s position and a vector with 
track flags. Because all points are given by their longitude and latitude coordinates in 
degrees, a distance of each segment (one NM) is converted to the angle in degrees. The 
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angle is calculated according to the equation 7.3, but a distance is assumed to be a 
known variable and the angle Alfa is an unknown variable. All mathematical operations 
are very slow in Matlab if a vector or a matrix is growing inside the loop, so a size of 
the matrix of the split track has to be computed first. When a size of the matrix is 
computed, the matrix is initialized. 
The process of splitting the track is run iteratively point by point. A distance between 
the current and the next point of track is calculated first and then it is compared with a 
distance of the short segment (1 NM). There may occur three cases: 
1. Distance between points is longer than a distance of the segment. In this case a 
track between these two points is split onto 1 NM long segments, whose 
longitude and latitude coordinates have to be computed, and newly created 
points are concatenated to the track. A variable called ‘distance difference’ also 
needs to be updated. A purpose of this variable is explained in the next 
paragraph. 
2. Distance between points is shorter than a distance of the segment. A next point 
that lies in a close proximity to the current point of track is concatenated to the 
track and a variable “distance_difference” is updated. 
3. Distance between points is equal to a distance of the segment. A next point is 
concatenated to the track only and a variable “distance_difference” is zeroed. 
When the last point of track is reached, this point is concatenated to the track and a 
matrix containing split track is returned from this block. 
 
A purpose of the variable “distance_difference” is explained in the example. There is a 
track “A” with three points. A distance between the first and the second point is 0.5 and 
between the second and the third one is 2.7. A distance of a short segment is one. Track 
“B” denotes the track “A” after its split. 
 
 
Track A Track B 
Point 
Distance 
between 
points 
Distance 
from the 
first 
point Point 
Distance 
between points 
Distance 
from the 
first 
point 
1 0 0 1 0 0 
2 0.5 0.5 2 0.5 0.5 
3 2.7 3.2 3 0.5 1 
     4 1 2 
     5 1 3 
      6 0.2 3.2 
Table 7.1: Example how the track is split onto short segments 
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The process of splitting track has been preceded in this way: 
 An initial value of the variable “distance_difference” equals zero, because it is 
the first point. 
 The first point is copied to the initialized matrix for a split track. 
 A distance between the first and the second point is 0.5, which is less than a 
distance of segment (one), so this point is also copied to the matrix with a track. 
A value of a variable “distance_difference” is 0.5, because a value of the newly 
processed point is 0.5 from the multiple of short segment’s distance. 
 A value of distance between the second and the third point is 2.7 plus a value of 
“distance_difference” (0.5) is more than a segment’s distance, so this distance 
also needs to be split. 
 A next point has to lie in a distance 0.5 from the second point in order to have a 
point in a distance one from the first point. A variable “distance_difference” is 
zeroed, because a current point lies in a distance, which is a multiple of short 
segment’s distance from the first point (one). 
 Two next points will be in a distance one and two from the current point, a value 
in a variable “distance_difference” is unchanged (zero). 
 The remaining distance from the last point is 0.2, so this point is copied to the 
matrix only and a value of “distance_difference” is 0.2. 
Implementation of wind measuring block 
There is no access to real wind measuring equipment in the project. For this reason 
measured weather data are simulated in waypoints. A created matrix is initialized by 
weather data in a format displayed in the example above, where for each position are 
specified wind magnitude, wind bearing and temperature.  
Temperature changes mainly with increasing or decreasing altitude and airplane flies 
en-route phase in this project, where no altitude changes are expected to occur; 
temperature does not proceed to any other blocks. Its value is simulated only and kept in 
the matrix with weather information for possible latter use. 
 
Point Lon Lat Alt WM WB temp 
[-] [°] [°] [km] [m.s-1] [°] [K] 
1 1°10`00.0˝ 5°10`00.0˝ 11 20 120° 261 
2 1°20`00.0˝ 5°30`00.0˝ 11 20 115° 260 
3 1°30`00.0˝ 5°40`00.0˝ 11 20 105° 263 
4 1°40`00.0˝ 5°50`00.0˝ 11 20 125° 262 
5 1°50`00.0˝ 5°30`00.0˝ 11 20 110° 264 
6 2°00`00.0˝ 5°20`00.0˝ 11 20 100° 261 
 Table 7.2: Example of meteorological forecast report for the meteorological forecast 
block 
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Implementation of meteo forecast Block 
The meteorological data are inputted to the meteo forecast block as can be seen in the 
figure 7.10. Meteorological data are in the same format as in the table 7.2.  Each point’s 
location is specified by its longitude, latitude, altitude and the useful meteo data are 
comprised of wind magnitude (WM), wind bearing (WB) and a temperature (Temp).  
The problem occurs if an airplane does not fly to a point whose exact location is 
specified in the table. The values of the forecasted wind magnitude and bearing between 
waypoints are computed by linear interpolation. This formula is used for all points, 
whose positions are not found in the input table. Finally a resulted matrix is created by 
merging vectors with the meteo data for all points. A flowchart of this block is shown in 
the next figure. 
 
Figure 7.10: A principle of the meteo forecast block 
 
Wind blending block 
Forecasted and predicted measured winds are loaded to the wind blending block and 
this block merges them into the blended wind. Blended wind calculations are based on 
simplified facts that measured wind represents precise information that holds true for a 
short part of flight and forecasted wind represents less precise wind information, with 
long term validity. Both types of wind are combined in the wind blending block so that 
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a dominant impact on the blended wind has measured wind first, but its weight is 
gradually decreasing. At some point measured wind has no impact on the blended wind 
and blended wind starts to equal to forecasted wind. 
In this/presented project there is used a proprietary Honeywell’s blending algorithm, 
whose details can not be disclosed. However, its principle is depicted in the figure 7.11. 
The parameters of the blending algorithms depend on the FMS’ manufacturer. 
 
 
Figure 7.11: Blending principle 
 
A blending principle for the simulated wind bearings or wind magnitudes is shown in 
the figure 7.11. There is assumed a first waypoint was reached by the aircraft. At that 
point a value of measured wind is known (denoted by the brown asterisk at 1) and a 
tendency of the current measured value is used for blending function for all waypoint. 
Blended wind (blue line) first matches predicted wind (green line) and then gradually 
approaches forecasted wind (red line) and in the last two waypoints forecasted and 
blended wind match.  
 
Estimated time of arrival (ETA) calculation 
The estimated wind (called blended wind) is received from the block ”wind-blending”. 
These data together with true airspeed and track information, denoting the route that a 
plane is supposed to fly, are used to compute a resulting estimated time of arrival. All 
relations between air, ground and wind vectors can be seen from the wind triangle 
(figure 7.12). 
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7.1.6 Wind triangle 
If no wind is flowing, the airplane’s ground track will be the same as the heading and 
the ground speed will be the same as the true airspeed. Unfortunately it happens only 
very rarely. Thus a wind triangle is very often used, which is a graphical representation 
of the effect of wind upon flight. [12]  
 
The equation representing relationships among vectors  
in the wind triangle: 
vectorWindvectorGroundvectorAir        (7.6) 
 
A wind triangle consists of the following three vectors: 
 The air vector specified by the true airspeed 
and the true heading, 
 The ground vector specified by the ground 
speed and the true course, 
 The wind vector specified by the wind speed 
and the direction. 
 
The wind triangle is used when one of the three                                                                             
vectors is unknown. The equation 7.6 will be used in 
the project, when the air vector is calculated.  When a 
wind direction has been drawn, it must be taken into 
account that a wind velocity is given as the direction 
the wind is blowing from  and one has to plot the            Figure 7.12: Wind triangle [11] 
direction it is moving to. Thus there must be added or 
subtracted an angle of 180 degrees to the wind heading in order to get a correct value of 
wind direction for the wind triangle. Based on the wind triangle, ETA is calculated: 
windBlendedTAS
track
GS
trackETA      (7.7) 
Where GS represents Ground vector, TAS – Air vector and blended wind – wind vector. 
 
ETA and all necessary variables are calculated in the cycle, where a distance between 
the current and the next point of track is found out first. For sake of simplicity it is 
assumed a wind is affecting an airplane in a horizontal direction only and a constant 
altitude is expected. Pilot does not have to perform any maneuvers to stabilize airplane 
and a const true airspeed (TAS) can be maintained. 
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The absolute value of TAS is known, but there is necessary to determine such a 
direction of TAS that would compensate wind and would ensure a maximum GS in the 
direction to the next waypoint.  
Based on the knowledge of applied wind bearing and wind magnitude there are 
calculated components of wind speed to the longitudinal and latitudinal axis. When 
wind speed components and an absolute value of TAS are known, a quadratic equation 
is set to determine a vector of GS, which would ensure maximal speed of airplane in the 
desired direction. The distance between the current and next waypoint is known and GS 
was found out, so by using equation 7.7 the ETA can be easily evaluated. 
 
An example of the estimated time of arrival before a flight starts is shown in the figure 
7.13. Trajectory points where a red line is curved, the blended wind is changed and a 
ground speed is influenced by this change.  
 
Figure 7.13: Estimated time of arrival 
 
Collision detection 
One of the areas, where a calculated uncertainty of ETA can be used is collision 
detection (CD). Based on the created flight plan, there can be estimated a possibility 
that two airplanes could potentially collide and some action has to be taken to avoid an 
accident. However, an accuracy of this prediction can be influenced for example by 
changes of the weather during the flight and consequently the flight plans of the 
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airplanes were modified even if it was not necessary. In these cases some amount of 
fuel and time of flight is wasted by this flight plan modification. 
The flowchart diagram of the program that is responsible for collision detection is in the 
figure 7.14. Firstly the waypoints, meteo forecast and all constants are initialized. 
Consequently the track and two lines denoting the RNP 4 for the track are constructed. 
A matrix containing a position of the points of track (given by their longitude and 
latitude) is returned from the function “get_shifted_track”. The function FMS, which 
was described in a few previous sections, is run to calculate GS, ETA and its 
uncertainty and these data is returned. Based on the uncertainty of ETA and calculated 
GS in the points of track, the uncertainty of position of an airplane can be computed. As 
a position’s uncertainty four points are computed that form a square. One couple of 
square’s sides is based on RNP and the other is based on the uncertainty of position. In 
the end, uncertainties of ETA for both flights and both tracks with the potentially 
detected area of collision are plotted (figure 7.15 and 7.16).  
 
Figure 7.14: Flowchart diagram for CD 
 
In the figure 7.15 a test case of the before mentioned scenario, when two airplanes have 
flight plans with a section, which is crossed by both airplanes is shown. The first 
airplane will start from the point S1 and will be flying over the waypoints A1, C and A2 
and its target is the waypoint T1. The second airplane will start from the point S2 and 
will be flying over the waypoints B1, C and B2 and its target is the waypoint T2. All 
information related to the first airplane is denoted in the figure by a red color and all 
data related to the second airplane are denoted by a blue color. A constructed track is 
marked by a bold dash-dotted line; RNP at the track is marked by two dotted lines. A 
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problematic point of the track is the point C, because it will be crossed by both airplanes 
and a collision may occur. 
When the uncertainty of ETA is calculated, it can be easily transformed onto 
uncertainty of position of the aircraft. These position uncertainties are shown as bright 
rectangles placed on the constructed track. At the beginning of flight, the uncertainty 
was close to zero (only a perpendicular), but as a flight progressed, its value was 
increasing and the maximum was reached at the end of flight (for the target points T1 
and T2). A small area at the point C, where both squares (blue one and a red one) are 
crossed is an area of the possible conflict.  
 
 
Figure 7.15: Example of ETA uncertainty used for CD 
 
A RNP 4 was chosen, which is a navigation standard for Oceanic operations. A 
requirement has arisen from the standard that the aircraft will navigate with a cross 
track and along track total system error no greater ±4 NM for 95 percent of the total 
flight time. The uncertainty of ETA is also calculated with the level 95% confidence 
interval. From that point it can be deduced that an uncertainty of aircraft‘s position is 
with the same probability (95 percent). It also means if neither the track nor a value of 
TAS will be changed and the squares denoting an uncertainty of position overlap, the 
 55
airplane will approach very closely to themselves with a probability of 95 percent and 
their collision can occur. 
In this test case, wind bearing of 90 degrees and the magnitude 50 meters per second 
was chosen, because an affect of wind can be clearly demonstrated. A wind velocity is 
given as the direction the wind is blowing from, thus wind is blowing southwards. 
Because the wind affects a value of GS and a value of ETA is dependent on the GS 
(equation 7.7), wind effect will appear in the calculated value of the uncertainty of ETA. 
If wind vector was split onto x and y axis components (longitudinal and latitudinal for 
the track), latitudinal components of wind would form a tailwind for the second airplane 
and its GS would be greater than the GS of the first airplane. GS is inversely 
proportional to uncertainty of ETA (as can be seen in the equation 6.13). From that 
reason, greater uncertainties of ETA can be expected for the first airplane, which is 
proved by the figure 7.16, where are charted the calculated uncertainties of ETA for 
both flights.  
 
Figure 7.16: Example of ETA uncertainty used for CD 
 
 
Flight simulation 
A simulation of the real flight plan is presented in this part, where a flight from Brno-
Turany to the Preveza’s airport in Greece is simulated. Flights between these cities have 
been operated by Czech Airlines during summer for the last several year and data for a 
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simulation are obtained from the flight from 22nd July 2008. Summary of the 
operational flight plan for this flight is provided in the table 7.3 and in the rest of the 
next paragraph. The original version of the operational flight plan is in the Appendix. 
This flight will be realized with an airplane Boeing 737-400. In the operational flight 
plan there can be found a lot of useful information for a track construction and flight 
simulation such as a position of the start and finish of flight with all waypoints, en-route 
phase of flight is in the FL350 with TAS approximately 740 kilometers per hours and 
meteo forecast for all waypoints. A flight is expected to begin at 3:55 P.M. and end at 
6:01 P.M. after passing of 773 nautical miles of air distance between Brno and Preveza.  
 
 
In the operational flight plan is also specified: 
 Temperature, 
 Estimated time of arrival and burnt fuel for all waypoints, 
 Selected cost index for the flight, 
 Alternative routes and destinations, 
 Equipment and other information of the destination and alternative airports, 
 Graph with a vertical flight profile, 
 Graphical representation of meteo forecast for the South-East Europe, 
 Overflight permission for the Republic of Macedonia. 
 
Waypoint Coordinates: Meteo forecast (FL350) 
Name Latitude Longitude WB (0) WM (m/s) 
BRNO N 49° 09.1´ E 16° 41.4´ 71 22 
TOC N 48° 02.8´ E 18° 03.4´ 71 22 
TABIN N 48° 00.9´ E 18° 05.1´ 71 22 
ALAMU N 47° 44.2´ E 18° 19.8´ 72 22 
PUSTA N 47° 09.1´ E 18° 44.5´ 70 22 
KEROP N 46° 11.1´ E 19° 41.8´ 61.5 22.5 
TISAK N 45° 25.3´ E 20° 13.6´ 51 22.5 
NEPOS N 44° 00.4´ E 21° 26.3´ 50 24 
RAVAK N 43° 41.2´ E 21° 37.6´ 53 24.5 
NIS N 43° 20.8´ E 21° 49.6´ 59 25 
LATSA N 43° 11.4´ E 21° 53.5´ 61 25 
VAGEN N 42° 43.5´ E 22° 04.7´ 59 25 
RAXAD N 42° 18.5´ E 22° 14.6´ 75 25 
PEP N 41° 20.3´ E 21° 26.9´ 87 25 
BITLA N 40° 52.5´ E 21° 21.5´ 87 25 
KAS N 40° 27.1´ E 21° 16.6´ 85 25 
TOD N 40° 03.0´ E 21° 01.9´ 86 25 
PREVEZA N 38° 55.5´ E 20° 45.9´ 85 25 
Table 7.3: Operational Flight plan (Brno - Preveza) 
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In this table the waypoints coordinates (given by latitudes and longitudes) and meteo 
forecast are shown for all waypoints, which are the important data for simulation. In the 
operational plan there are specified wind forecasted wind magnitudes and bearings for 
the flight levels: FL100, FL170, FL230, FL32, FL340, FL360 and FL380. However, the 
flight level for en-route phase of flight was selected to be FL350, thus the forecasted 
winds for this flight level are linearly interpolated values from the flight levels FL340 
and FL360. 
 
 
 
Figure 7.17: Constructed trajectory 
 
The trajectory consists of 18 waypoints and is displayed in the figure 7.17. Its beginning 
(Brno’s airport) is the top point and the destination (Perveza’s airport) is the last point at 
the latitude 39 degrees. All the waypoints are denoted by names; only the waypoints 
“TOC” and “TOD” denote the specific points – top of climb and top of descent. The 
trajectory is long (approximately 770 nautical miles) and constructed turns are 
significantly smaller compared to the whole track, so the sequenced point may seem 
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they overlap with waypoint. A scale on this figure is rather small in order to show a 
whole trajectory in one picture, so the constructed turns are not noticeable. However, if 
the part of trajectory (airway UN731) around the 13th waypoint (called PEP) is zoomed 
(figure 7.18), a constructed turn and a difference between the waypoint and the 
sequenced point denoting the middle point of the turn are shown.  
 
 
Figure 7.18: Constructed turn in the trajectory  
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Figure 7.19: ETA and ETA’s uncertainty of the flight 
 
The calculated values of the estimated time of arrival and its uncertainty for the whole 
flight are presented in the figure 7.19. Estimated time of arrival (to the destination) is 1 
hour, 43 minutes and 38 second after departure. The ETA from the operational flight 
plan of the real flight was 2 hours and 2 minutes. The simulation of the flight was at the 
constant level (FL350) and neither take off nor landing ware part of the simulation. A 
difference (approx. 18 minutes) between the simulation and a real flight was also caused 
by acceleration during take off and deceleration during descent and landing. 
The calculated uncertainty of the estimated time of arrival for the flight was 
approximately 201 second. Its detailed curve is presented in the figure 7.20. A value of 
the uncertainty is slowly increasing at the beginning of the flight. It is because ETA’s 
uncertainty is influenced by the minimum value of the predicted measured wind 
uncertainty for at the close proximity to the airplane.  
Another change in rate of increase is visible for the distance approximately 500 nautical 
miles. At that point, GS increased its value because of change of flight’s direction and 
dominant crosswind changed to dominant tailwind with a minor component of 
crosswind. As the GS is indirectly proportional to the ETA’s uncertainty, very slow 
increase of ETA was caused by the significant increase of GS. 
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Figure 7.20: Uncertainty of the estimated time of arrival 
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8 CONCLUSION 
Tests of different FMSs, which can be found in [4], [5] and [6], have proven the FMS’s 
ability to satisfy most of the constraints very well as well as their ability to guide an 
airplane reliably. In spite of these optimistic results, FMSs still need to undergo further 
development and improvement to minimize the possibility of a non-fulfillment of some 
constraints and to reduce fuel consumption by minimizing overshoots during RF turns 
and other activities.  
An objective of the diploma thesis was to develop all the blocks described in the figure 
7.1 in Matlab. Firstly a flight plan is generated for a given set of waypoints in a few 
iterations for displaying all appropriate details and important points such as waypoints, 
sequenced points, starting and finishing points of the turn. Forecasted wind is given in 
waypoints only, so forecasted wind had to be calculated using a linear interpolation for 
all points of the flight plan.  
The forecasted and measured wind then proceeded to the block ”Wind_blending” to get 
a blended wind, which goes to the block for a calculation of the estimated time of the 
arrival. Estimated time of arrival is computed for all segments of the flight trajectory 
and is displayed in a figure 7.13.  
The main part of diploma project was to compute all uncertainties affecting the 
estimated time of arrival. Values of the uncertainties are not absolutely accurate because 
of their statistical properties and several simplifications affecting accuracy were 
performed (no correlations between variables were assumed and uncertainties of TAS 
and position of the airplane were neglected). For an easy orientation of the results, all 
calculated variables are displayed in figures. A graph with uncertainties of ETA is 
figure 7.16, which shows how the value of uncertainty grows during the flight and how 
this value is affected by the wind magnitude. 
The end of the thesis shows a practical usage of the calculation of the uncertainty of 
ETA for collision detection of the airplane. This block of code is called 
“collision_detection” and the function FMS, which was described in the sections 7.1-7.5 
is reused. The uncertainty of ETA is transformed onto uncertainty of airplane’s position. 
The figure 7.15 shows an example how this longitudinal uncertainty together with RNP 
can be used to detect an area of possible collision.  
The flight from Brno to Preveza was simulated for the same track with the same 
waypoints and meteo forecast as in the operational flight plan. Constructed trajectory of 
the flight is in figures 7.17 and 7.18. The calculated value of the ETA was 
approximately 1 hour and 43 minutes and its uncertainty 201 second, which is 
approximately 3% of the ETA for the distance of 762.6 nautical miles. The real value of 
ETA’s uncertainty would be higher than this calculated value, because the uncertainty 
of ETA was represented by the uncertainties of the forecasted and predicted measured 
wind only as the most significant sources of uncertainties. The covariances of all 
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sources of uncertainties were omitted and also the aircraft position’s uncertainty was 
considered to be zero. 
Future work 
Cruise level in the constant flight level was assumed as a simplification in this thesis 
and a creation of the real flight plan with climb and descent phases and a cruise phase 
with step climbs and descents could be presented in the continuation of this work. 
Proposed Gauss-Markov process of the wind model in this thesis should be thoroughly 
tested and tuned to find the optimum settings of parameters. This model should also be 
compared with other existing wind models and advantages and disadvantages of all 
models should be assessed in order to find the best (most reliable and accurate) wind 
model for a practical use. Tuning parameters and testing a model for a single real wind 
data is not sufficient, because the data from a single flight can not be treated as a 
representative data sample. To prove wind model realism and representativeness, real 
wind data from several flights are needed. 
Uncertainty of ETA should be calculated for all sources of errors and effect and values 
of correlations should also be investigated. The calculated simplified uncertainties of 
ETA in the thesis were approximately 3% of the ETA. When a more accurate ETA 
uncertainty propagation model will be developed, this should be thoroughly tested. 
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10 APPENDIX 
Operational flight plan for the flight from Brno to Preveza 
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